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INTRODUCTION 
A variety of single observations has suggested a systematic and detailed study 
of the physiological properties of the large group of non-polar-polar  organic 
electrolytes, which as detergents,  as wetting and dispersing agents,  play an 
ever increasing r61e not only in technical processes, but also in microbiological 
research as bacteriostatic and bactericidal agents,  the nature of which draws 
to  this  field  the  attention  of physiological chemists  and physical chemists. 
My own interest was primarily aroused by observing the secretory activity 
of the kidney with respect to acidic and particularly sulfonic acid azo dyestuffs 
(1, 2).  These have been found to reveal a striking selective behavior toward 
the proximal tubules, which is due partially to lipoid solubility, partially to the 
molecular volume equipping the dye with crystalloidal, semicolloidal,  or col- 
loidal properties.  However, in addition, evidence was brought forth that for 
penetration into the kidney epithelia and, moreover, for subsequent accumula- 
tion  of the dye in  the secretion a  conditioning  factor is a  special molecular 
configuration of the dye, namely the location in the molecule of the sulfonate 
groups, rendering its structure either non-polar-polar or polar-polar.  In the 
first case, the dye molecules were assumed to stick by surface activity of their 
non-polar organophilic  halves to the cell surface, whereas the polar hydrophilic 
halves would be anchored in the aqueous surroundings, resulting in a molecular 
orientation like that of the soap molecules in a Langmuir film.  In the second 
case of polar-polar structure the effective attachment to the kidney cells would 
be absent and secretion would fail to appear.  However, the effect of a non- 
polar-polar configuration should be considered specifically  different from that 
of lipoid solubility or of molecular size, as in both of these latter cases the mem- 
brane may remain unaltered, whereas, if a non-polar-polar compound is present, 
the cell surface can be subjected to a pull of antagonistic forces the strength 
of which would depend upon  the  qualities  of the  two halves and  therefore 
could produce a  (reversible)  distortion or even an (irreversible)  disintegration 
of the delicate architecture  of the cell  surface or its components  (3-5).  In 
this way, the effect of non-polar-polar substances can be thought of as causing 
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more than a  mere attachment, but rather a  reversible  activation of the cell or 
else an irreversible  inactivation. 
The idea of cell activation by substances displaying a non-polar-polar char- 
acter occurred to me from earlier observations, especially with regard to bile 
secretion of the liver (6-8).  The bile salts for a long time have been looked 
upon as ckoleretics, as also have been oleate and salicylate.  In addition, the salts 
of higher aliphatic fatty acids, beginning with caproate (C6), furthermore ben- 
zoate, benzene, and toluene sulfonate were found to show choleretic effects (6). 
All these substances, obviously, lend support to the idea of activation as being 
due to non-polar-polar properties, although not in the strict sense of typical 
detergents (see page 394).  On the other hand, there is quite a group of salts 
of organic adds, which show an anticholeretic  effect; i.e., a strong and reversible 
inhibition  of dyestuff accumulation  in  bile.  Such  substances  (like  citrate, 
malonate, succinate, glycolate, gluconate), owing to the prevalence of hydro- 
philic  and  lack  of hydrophobic groups,  fail  to  display  the  non-polar-polar 
character (6). 
For these reasons it seemed advisable to secure clearer results in this field, 
first, by replacing kidney or liver by an organ which is more apt to respond 
by simple and reversible changes of functional activity than are glands; second, 
by taking an organ which, is superior to glands in presenting cell surfaces which 
are better defined and are more easily accessible to solutions; and third, by 
applying drugs which are more uniform and unequivocal in their physicochemi- 
cal characteristics as non-polar-polar compounds than those mentioned so far. 
Tissues complying sufficiently with  these  conditions are  muscle and  nerve; 
they often respond to very slight changes in their electrolytic milieu by display- 
ing reversible membrane potentials of a certain voltage and of a characteristic 
direction, or they respond to an electrical stimulus by their mechanical reaction. 
In this paper, we deal mainly with the results of potentiometric measurements. 
EXPERIMENTS 
1.  Methods.- 
In general, the uninjured sartorius muscle of R. pipiena is suspenddd by the upper 
end of the tibia in a moist chamber so that its pelvic end dips into 20 ml. of Ringer's 
(0.65 per cent NaC1 +  0.01 per cent KCI +  0.02 per cent CaC12) contained in a cylin- 
drical dish, which is placed on a support in such a way that the muscle substance next 
to the pelvic tendon is well submerged  in the solution.  The solution is connected 
with a Ringer-calomel-half  cell.  The lead to a second calomel-half cell is made by 
filter paper soaked  with Ringer and brought in contact with the tibial end of the 
muscle.  This set-up allows us to replace the solution in the dish by another 20 ml. 
of an experimental solution contained in another identical dish without any moving 
of the muscle or changing  the area in contact with the solutions.  It is noteworthy 
that in the various experimental solutions the concentration of K ion, which is most 
influential for the voltage of the muscle, has been kept constant (0.01 per cent KCI). 
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of the galvanometer usually show some irregular fluctuations in one or the other 
direction, mostly to be interpreted as varying liquid junction potentials, before a 
decisive  deflection  appears.  The set-up permits readings  of about 0.3  mv.  The 
experimental solutions in general are kept isotonic to the frog Ringer; i.e., isotonic to 
0.65 per cent NaC1 -ffi 0.11 molar.  Most substances under investigation are applied 
in lower concentration than 0.11 M.  In this case isotonicity is achieved by adding 
Ringer and adding KC1 and CaClj in such amounts as to be present in their normal 
concentration. 
Each substance has been tested in several experiments, and these extended through- 
out the year.  Variations  of the results can be assumed to be due to season, feeding 
conditions, temperature, size, and other causes.  For this reason it is not possible to 
characterize the effect of a substance by one concentration value; the numbers in the 
tables can be looked upon only as average effective values. 
By far the greater number of experiments deal with the action of anions of the 
sodium salts of organic acids (p. 393).  These anions will be shown to attach them- 
selves to the surface of the muscle fibers.  This is probably due to adsorption of their 
non-polar halves and in this respect they resemble the inorganic adsorbable anions 
SCN and I, which for this reason give rise to a potential that is positive, in relation 
to the standard potential at the filter paper electrode imbibed with Ringer, in contrast, 
for instance, to K, which, due to its adsorption, produces a relative negativity when 
applied from the outside (9, 10).  For this reason, a K-like potential is indicated in 
tables and text as minus, an SCN-like potential as plus; in other words, a plus sign 
indicates a resting current directed from the outside of the altered portion of the muscle 
to the unaltered portion, a minus sign, the direction of the classical "injury current.  ''1 
2.  Results ~vith Detergcn~s.--In  order to obtain basic knowledge concerning 
the physiological effects upon muscle, we started with typical "detergents," 
selected from three large groups, the alkylbenzene sodium sulfonates, the alkyl 
sodium sulfates,  and the dialkyl sodium sulfosuccinates.  But, very soon  it 
appeared  necessary to  extend the  choice from these  groups  of components 
beyond the |imlts which determine their higher technical value.  The technical 
products ordinarily are characterized by great surface activity, which is due to 
their long straight chains of alkyls (up to C1s and even longer), which stick so 
strongly to organic surface material that they cannot be detached by the pull 
of their outwardly directed hydrophilic groups towards the surrounding water, 
but instead  they destroy any finer organization  (p.  389).  Therefore, these 
compounds with long chains are poisonous to living objects and,  in  general, 
useless for physiological experiments, in which vital functions are involved. 
However, the detergents furnish a tool highly appropriate for a stepwise altera- 
tion of physiological interfaces, if the choice is extended from this group of 
chemicals  to  products with  shorter chains,  the  technical value  of which  is 
negligible. 
i +_.,_ means positivity changing during the experiment spontaneously to nega- 
tivity, q- means a dubious result, as in some experiments a slight positivity, in others 
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TABLE I 
Alkyl  Benzene Sodium  Sulfonates  (R.C,H,.SO:.O)-  Na  + 
Molar Conc.~ra~ms Producing Either Negative or Positire Resting Potentials 
Molar concentmtior 
of alkylbenzene 
sulfonates 
12 C:dodecyl 
i0 C:decyl 
9 C  :nonyl 
6 C:hexyl 
4 C:butyl 
3 C:isopropyl 
2 C :ethyl 
2 C:xylene 
1 C :toluene 
0 C:benzene 
1/2o,ooo 
0 
/4000 1/2000 1/1000 
0  - 
+ 
/4C  ~0  /100  1/S0  1/3( 
--  i 
-}-  -}- 
-}-  -F 
1/20  1/12.$ 
+ 
+ 
+ 
+ 
+ 
t/1o 
+ 
TABLE II 
AlhyI Sodium Sulfates (R.O.SOrO)- Na  + 
Molar Concentrations Producing Either Negative or Positlve Restin 
Molar concentration 
of alkyl sulfates 
12 C: dodecyl 
10 C:decyl 
8 C:octyl 
7 C: diisopropyl- 
carbinol 
6 C :2-ethylbutyl 
4 C :isobutyl 
1/2oo~  1/1500 1/10( 
0 
1/4e  i~  12oo 111c 
l"  otent~  s 
I/~  I/2o 
Jc.-~. 
+ 
+ 
I/I0 
+ 
+ 
TABLE III 
/Rooc-cm  \ 
\ROOC--CH.S02.0/ 
Molar Concentralion$ Producing FAther Negative or Positi~ Resting Potvatlals 
Molar concentration  of  dialkyl 
sulfosucclnates 
16  C:dioctyl  OT 
12  C:dihexyl  MA 
I0  C:  diamyl  AY 
8 C:  dibutyl  IB 
The results of our  experiments with  detergents are sumraarized in Tables 
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Corrdation  between Concentration  and  Resting  Potential 
In  comparing Tables I  to  III, some striking  similarities become obvious: 
1.  Local exposure of muscle to compounds with short chains of alkyls produces 
positivity, in other words, a reverse current, with reference to the ordinary injury 
current, exposure to compounds with long chains (or with two chains) produces 
negatiz~ty. 
2.  By increasing the concentration  of a  compound, positivity often passes 
through  indifference  to  negativity,  never  negativity  to  positivity. 
3.  Sometimes it is observed that while a compound is acting initial positivity 
changes later to negativity. 
4.  In addition,  it appears that the effect of short chained compounds, i.e. 
positivity, is readily reversible; that of long chained negativity often is irrever- 
sible. 
These results are illustrated by some numerical data selected from several hundred 
experiments.  After contact  with Ringer,  when the  resting potential had  become 
fairly constant,  the muscles were subjected  to the  influence  of various detergent 
concentrations.  These "zero" potentials in general were scattered between +5 and 
-5 my.  The following tabulation indicates potentials in miUivolts, arising from the 
"zero" potential after a certain time in one or the other direction (+ or -). 
Alkyl Bee.,zems  Sul,[anot.e,s  me. 
Benzene  ~/20  -{-8 
Ethylbenzene  M/20  +3.8 
Isopropylbenzene  ~]40  + 4 
Butylbenzene  M]200  + 1.5 
Wloo  ±o 
"  M/20  --3.5 
Hexylbenzene  ~/1000  -{-3.8 
"  M/400  + 1.5 
"  "  --6.2 
"  ~/100  --35 
Deeylbenzene  M/3000  -- 11 
"  M/2000  --9 
"  ~/1000  -- 19 
A lkyl Sulfates 
2-Ethylbutyl  u/20  + 5.7 
Dilsopropylcarbinol  M/15  -{-9.4 
Oetyl  ~/200  -{-6.8 
"  M/133  -I-0.8 
"  "  --  7 
"  M/40  -- 34 
Decyl  M/IO00  -{-5.9 
"  "  --2.4 
"  xf]330  -- 12.8 
after  75 rain. 
55 
28 
40 
51 
30 
102 
22 
110 
36 
22 
9 
9 
134 
34 
70 
19 
142 
44 
64 
50 
10 
Followed  by 
Followed by 
Followed by 
Discussion.--In  order to explain  these results,  the following points should 
be kept in mind: all the detergents referred to in the three tables are strong 
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and with a  rather  complex monovalent anion.  Their aqueous solutions are 
neutral, like those of inorganic salts.  The anions, due to their non-polar-polar 
configuration, must form an array at the interphase resembling the structure 
in the soap film of Langmuir and Harkins, which is maintained by the balance 
of opposing forces.  One is based upon adhesion or intrusion of the alkyls to 
one phase, e.g. to the surface structure of cells, and, in addition, is based upon 
the lateral adhesion of the alkyls.  The other force is caused by the anchorage 
of the carboxyl group or, as in our case, of the sulfate or the sulfonate to the 
dipoles of water surrounding the  cells3 
Imbalance of these forces can be the reason for various events.  In the case 
of muscle, the following points must be taken into consideration: the plasma 
membrane  of muscle fibers,  comparable with  the  sieve-like dried  collodion 
membrane, due to the negative charge of its material, in general,  is selectively 
penetrated by the cations K and H, but not by anions.  However, this by no 
means seems to be true in every case; for instance, the anions may enter, if 
their surface activity is great enough to surmount the influence of the electric 
charge, provided their Volume does not exceed the pore width of the membrane. 
In this case the non-polar-polar anions, approaching the membrane from an 
outside solution, would enter against the repelling electric force of the negatively 
charged pore wall, and thus would call for a local fluid potential with outside 
positirity.  Simultaneously the anions may drag with them some water attached 
to their hydrophilic half and contribute in this way to the softening of a semi- 
rigid structure (as will appear in a following paper).  However, this possibly 
will happen only with relatively short alkyl chains, whereas by applying longer 
chains,  the surface activity of the non-polar-polar  anions may be raised so 
much that the dispersing forces in the structure of the wall will lead to widening 
the micellar interstices and finally exhibit a disruptive action, followed by loss 
of the selective ion permeability of the membrane.  This is the case in an ordi- 
nary irreversible injury  (compare the studies on denaturation  of Anson  (3), 
l~irsky (4), Kuhn (5), and others). 
3.  Results with Detergent-Like Substances.--Mention has been made (p. 390) 
of observations upon the secretory activity of the fiver under the influence  of 
sodium salts of organic acids, which resemble in their molecular structure the 
typical configuration of detergents by bearing hydrophobic groups on one part 
of their anions and on the other part instead of sulfate or sulfonate the rest of 
a carboxyl group.  As this carboxyl group is less hydrophilic, the non-polar- 
polar character of these electrolytes is weakened, their electrolytic dissociation 
diminished,  so that there are present, beside the ions, undissociated molecules, 
which influence  the membrane potential of a substrate like muscle according 
9  That detergents with short chains of alky! groups are surface-active corresponding 
to the chain length, has been shown by Neville (11) in experiments with alkyl benzene 
stilfonates covering the alkyl range from Co to C,. RUDOLlt HfBER  395 
to the pH and according to their solubility in the lipoids of the plasma mem- 
brane.  But, nevertheless, it appeared in our earlier studies (9) on the effects 
of soaps upon the resting potential of muscle and nerve that with average con- 
centrations soap anions bearing short alkyl chains (C2 and C,) call forth po'sitiv- 
ity,  with longer chains  (C6 to  Cs and more) negativity.  This obviously is 
analogous to the behavior of the detergents proper, mentioned in the foregoing 
section (see especially Tables I  to III). 
But  the additional influence of the other aforementioned factors likewise 
has been demonstrated, and, as will be shown immediately, even more factors 
were uncovered so that finally the picture describing the effect of all of them 
becomes a rather complex one.  Therefore we prefer to speak of many of our 
TABLE IV 
Potenthrmetvi~ Effacts of Sertddetergents Compared witk Those of Det~gcnt~ and Non-detergents 
Resting  Detergents  potential 
Short chain alkyl benzene sul- 
fonates ...................  -4- 
Short chain alkyl sulfates  ......  -l- 
Non-detergents 
Acetate, propionate ........... 
Glycolate, hydroxybutyrate .... 
Valerate, caproate ............ 
Lactate ...................... 
0to  -{- 
0to+ 
+0- 
+ 
Semidetergents 
Detoxication products 
Phenolsulfonate  ............ 
Hippurates (I, NH2)  ........ 
Sulfas 
Sulfanilyl sulfanilate  ........ 
Sulfanilamino acetate ....... 
Sulfanilamino benzoate. ..... 
Sulfanilate  ................. 
Benzoate  .................... 
Resting 
potential 
+ 
+ 
4- 
.-1. 
(+) 
+? 
agents as "semiddergents,"  thus indicating that the concept of detergency by 
no means must be abandoned, but rather looked upon as being  more or less 
obscured, as is apparent in Table  IV. 
However, before discussing this table, we may recall the experiments con- 
ceming kidney (p. 390).  It was previously mentioned that sulfonic acid azo 
dyestuffs appear to activate the kidney, if the structure of their  molecule is 
non-polar-polar.  More recently, in a  study of triphenylmethane  sulfonates, 
the  molecular  form  of  which  is  less  suggestive  of  definite  non-polar-polar 
properties than that of the azo dyestuffs, it was found that by attaching an 
NH2 or an OH group to the cyclic radicals, the activation of the  kidney cells 
can be brought to light; in other words, the non-polar a/finity of the dyestuffs 
can be replaced to some extent by a more chemical affinity (12).  In a  similar 
way some sulfa derivatives have been proven to undergo secretory accumulation 
(sulfanilamino acetate and benzoate, sulfanilyl sulfanilate (2)), obviously dis- 
playing a kind of non-polar-polar configuration with the cell aff3nity enforced 
by NH,, the hydroaff~ity represented by carboxyl.  Another group of .semi- 3~  PHYSIOLOGICAL  EF]~ECTS O]~ ORGANIC  ELECTROLYTES.  I 
detergents with NH~, OH, and  COO, accentuating the otherwise rather am- 
biguous antagonizing forces of the non-polar-polar compounds, is the hippu- 
rates.  Originating  in the body by coupling the toxic benzoic acid and gtycine, 
theyresemble the detergents by bearing a benzene group on one side, a carboxyl 
group on the other side of the molecule.  Indications of this structure are seen 
in clearance experiments on dogs with iodo-,  amino-,  and hydroxyhippurate, 
showing them to activate the kidney to exhibit its detoxicating function (13, 14). 
On the other hand, there are organic anions, which,  lacking  a non-polar-polar 
structure, e.g. the lower fatty acids and hydroxy fatty acids (acetate to caproate, 
glycolate to lactate)  cannot be expected to raise the kidney activity. 
Thus, we arrive at the general result that the entire group of non-polar-polar 
compounds in its broadest sense can be looked upon as altering the enclosure 
of all living  matter, the plasma membrane, which generally is believed to be 
the primary seat of response to exterior or interior events, and since this altera- 
tion, according to the aforementioned study, was assumed to be accompanied 
by electric changes, the task remains to compare the functional activation with 
the electrical activation.  This latter one is pictured in Table IV, indicating 
the potentiometric effects of semidetergents, compared with those in Tables I 
and II, and comprising concentrations as high as isotonic. 
It appears that,  indeed,  the semidetergents,  which have  been tested with 
regard to their ability to throw into action some inactive glands,  call forth the 
corresponding type of muscle potential. 
The  next paper will  deal with  the influence  of the detergents  and  semi- 
detergents upon the electric manifestations of nerves and upon the excitability 
of muscle and nerve. 
SUMMARY 
1.  The commonly used detergents have a poisonous effect, which is due to the 
non-polar-polar configuration of their organic anion.  The non-polar organo- 
philic half of the ion is built up by a long chain of alkyl radicals (8 to 18 carbon 
atoms), the polar hydrophilic half by a sulfonate or sulfate.  If brought into 
contact with the organic surface membrane of a ceil, this structure, due to the 
strong attachment of the alkyl chains to its surface, and due to the pull of the 
hydrophilic part towards the surrounding water, is subjected to a heavy stress 
terminating  in tearing to pieces the membrane (by denaturing and loosening 
the membrane components; bacteriolysis, cytolysis).  Correspondingly , with 
frog muscle, one end of which has been treated with the detergent solution, 
an irreversible negative injury potential is produced. 
2.  Applying, instead, the compounds bearing short chains of alkyl radicals 
(I to 6 carbon atoms), producing less stress on the membrane and correspond- 
ingly a  slighter derangement of its architecture,  a  reversible positive resting 
potential appears.  This is interpreted to be the effect of the non-polar part RUDOL~ HOBER  397 
of the anion, which, due to its surface activity, intrudes into the pores of the 
membranes, notwithstanding the negative charge of their  walls. 
3.  The short chained detergents seem to be replaceable by various organic 
"semidetergents," the organophilic behavior of their anion being represented 
by a slight chemical affinity (NH,), the hydrophilic by the effect of a carboxyl 
group (CO0) instead of sulfate or sulfonate.  The effect of the semidetergents 
on muscle is a  positive reversible potential.  Their physiological significance 
may be visualized as a functional activation. 
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